The continuous miniaturization of future integrated circuits (ICs) poses technological challenges for today's nanoscale material property characterization. 1 This is because, in addition to dimensional metrology, material property measurements (mechanical, electrical, magnetic, etc.) were identified as necessary control parameters to achieve the nanoscale material integration and functionality required in the next generations of ICs. As an example, in current semiconductor manufacturing, the challenge in reducing the crosstalk that hinders the performance of devices is to incorporate materials with smaller and smaller dielectric constant, [2] [3] [4] which are referred to as low-k dielectric materials. However, as these materials are engineered to reduce their dielectric constant by introducing porosity (voids or holes), the mechanical properties degrade to the point of failure during processing. 5 It is thus most convincing to demonstrate reliable quantitative mechanical property measurements on specimens comparable in terms of dimensions and structure with those used in fabrication.
In this work, we detailed the change in the elastic properties of porous SiOC:H, a low-k dielectric material, at a few important processing stages: SiOC:H with porogen (pore making particle) still incorporated, porous (porogen-free) SiOC:H, and polymer-filled SiOC:H. While the first two stages are routinely used in today's technology to define the porous structure that reduces the dielectric constant of materials, the polymer-filled structure is a relatively new protective strategy 6 to increase the mechanical stiffness of porous materials during processing. The elastic modulus of the investigated SiOC:H blanket films was measured by load-dependent contact-resonance atomic force microscopy (CR-AFM), in a versatile and high-resolution measurement procedure. The measurements were used in a two-phase composite model to establish mechanical property-structure relationships of the materials studied and provide guidance in the controlled design and process optimization of integrated porous low-k dielectrics.
The films investigated in this work were deposited by plasma enhanced chemical vapor deposition on Si(100) wafers from various combinations of alkoxysilane, helium, oxidizers, and porogens at temperatures around 250 C. In some of the films, porosity was generated by removing the incorporated porogen through either an atomic hydrogen cure from a remote H 2 /He plasma at 275 C and 50 Pa (treatment referred to as ash cure) and/or a UV cure from an industrial broad band UV source at 400 C. Some of the processing steps and material properties of these films are summarized in Table I . As a result of plasma copolymerization, sample S1 contained porogen incorporated into the starting organosilicate structure. However, as subjected to various post-treatments (ash and/or UV cures), the organosilicate skeleton of the porous films (samples S2 to S5) underwent alterations from its initial structural crosslinkage and porosity. Additionally, the pores of sample S5 were filled back in with a hydrocarbon polymer (HP) by spin-coating the polymer on top of the film and heating the wafer at temperatures above the glass temperature of the HP. With all these processes, only samples S4 and S5 can be considered as having the same chemical (cross-linkage) and physical (pore morphology) organosilicate skeleton. Finally, for comparison purposes, the mechanical properties of the organosilicate skeleton were directly probed on uncured (sample S6) and UV cured (sample S7) non-porogen (no porogen added) SiOC:H films.
The elastic modulus measurements were made by loaddependent CR-AFM, 7, 8 previously developed for monitoring the change in the resonance frequency of a cantilever eigenmode when an AFM probe is brought in and out of contact with a material. For the maximum applied load of 50 nN used in these measurements, it has been found that on any of the materials tested, sweeps between 950 kHz and 1200 kHz provided a common range for observing the shifts in the resonance frequency of the second eigenmode of the cantilever; a number of at least ten measurements were made on each sample. The first two free eigenmode frequencies of the AFM probe used (NCL-R150 probes from NanoSensors, Neuchatel, Switzerland 9 ) were 161.0 kHz and 996.8 kHz, respectively, and the cantilever intrinsic stiffness was 34.2 N/m 6 0.3 N/m, as measured by laser-Doppler vibrometer (Polytec, GmbH, Waldbronn, Germany).
9-11 A flat-punch contact geometry was realized in these measurements by pre-flattening the apex of the tip 12 on a flat Si surface at loads about 100 nN higher than the maximum applied force used during measurements. The flat-punch characteristic response can be easily observed in the contact part of the measurements, as shown in Fig. 1 for samples S4 and S5. Thus, the constant contact area established during the full contact between the flat-punch and the sample surface, on both approach and retract, is indicated by the unchanging contact resonance frequency within a range of applied forces (the gray area in Fig. 1 ). This predefined flat-punch contact configuration provided both an improved repeatability and reliability of measurements and an increased measurement sensitivity. The measured contact resonance frequencies were converted into tip-sample contact stiffnesses by using the dynamic spring-coupled cantilever beam model. 14 The continuous variation in contact stiffness as the tip was brought in and out of contact is shown in Fig. 2 for samples S4 and S5 and a polystyrene (PS) film (used also as an elastic modulus calibration reference for CR-AFM measurements 12 ). It is observed that the contact stiffness increases as the contact is progressively established when the tip snaps into contact (negative values of the applied force); the reverse behavior occurs in the same range of applied forces when the tip is retracted and the contact stiffness decreases to zero. However, once a full contact is established between the flattened part of the tip and the sample surface, no notable variation is exhibited by the contact stiffness in the range of positive applied forces (refer to the gray area in Fig. 2) . The contact stiffness, k Ã , and the reduced tip-sample elastic modulus, E Ã , are related by 15 
where a is the contact radius and 1=E Ã ¼ 1=M S þ 1=M T , with M S and M T being the indentation moduli of the sample and tip, respectively. In the case of an elastically isotropic material, the indentation modulus is defined as M ¼ E=ð1 À 2 Þ, with E being the Young's modulus and being the Poisson's ratio of the material.
Qualitatively, from the full-contact region of the measurements shown in Fig. 2 , a significant increase in the elastic modulus of sample S5 is observed with respect to that of sample S4, with PS in between these two. Quantitatively, the plateaued contact stiffness values k Ã S from the full-contact region can be used to calculate the indentation moduli M S of the samples probed. The indentation modulus of each sample was determined from the measured contact stiffness and radius of the flat end of the tip (SEM images of the tip are shown in Ref. 12 ) and further deconvolution of the contributions to M S was made to extract the Young's modulus of each FIG. 1. Force and resonance frequency responses of an AFM cantilever during in and out-of-contact ramps on samples S4 and S5; each ramp was completed in 100 s. The gray area highlights the region where the full contact between the flat-punch and the sample surface is realized; this is the contact region where the intrinsic elasticity of each material distinctively modifies the static and dynamic mechanical response of the cantilever.
FIG. 2.
Contact stiffness versus applied force at contacts on sample S4, sample S5, and PS film. The measurements were randomly alternated on these three samples to attest the invariability of contact geometry. The gray area highlights the same full-contact region shown in Fig. 1. film by using the Xu and Pharr contact model 13 for a coated substrate indented by a flat punch. The substrate contribution to the elastic moduli of the samples (substrate þ film) 12 was found to be within 30% for these measurements.
The values obtained for the Young's moduli of the investigated films are shown in Fig. 3 and Table SI 12 as a function of porosity; they were calculated from the determined indentation moduli and an average Poisson's ratio of 0.25. 16, 17 Although in films as thick as 800 nm UV curing has been shown to nonuniformly alter the material properties across the film thickness, 18 it is likely that a more homogenous curing took place within the thickness of our 100 nm thick films. Additionally, by considering the invariance of the contact stiffness with depth and the necessity of substrate correction, the elastic modulus values reported here are representative for the mean values across the thickness of the films. The effects of the ash and UV cures are observed in the elastic moduli of the cured porous films by comparing them with the elastic modulus of the starting sample S1. Thus, the ash cure, used to promote a more efficient porogen removal, 19 produces a significant decrease in the elastic modulus from 4.2 GPa to 1.6 GPa (from S1 to S2) along with the porogen removal. Similar damaging effect of ashing on the mechanical properties of porous low-k dielectrics was assessed previously by nanoindentation but only in qualitative terms due to the unavoidable substrate contribution to the elastic modulus measurements. 19 On the other hand, the effect of UV is to remove the porogen and enhance the mechanical rigidity of the structure by enriching the Si-O-Si cross-linking. 20 The UV cure also leads to a film shrinkage along with either an increase in porosity (porogen removal and bond reorganization when no ash cure is applied) or a decrease in porosity (porogen removal, if any, and bond reorganization after an ash cure). Regarding the mechanical properties, the UV cure mitigates the loss in rigidity due to the increase in porosity by increasing the stiffness of the organosilicate skeleton. In both cases shown in Fig. 3 , with porogen partially (from S1 to S3) or fully (from S2 to S4) removed, the stiffening effect of UV on the organosilicate skeleton is demonstrated. The same effect of UV on the stiffness of the organosilicate skeleton was observed also in the case of non-porogen SiOC:H films, with an increase in the elastic modulus from 4.1 GPa (sample S6) to 7.3 GPa (sample S7). The effect of ashing can be assessed also from the difference between samples S3 and S4 in terms of porosity increase (from 33% to 45%) and elastic modulus reduction (from 3.4 GPa to 2.8 GPa). By considering that the effect of UV curing on the stiffness of the organosilica skeleton is independent of porosity, 21 this difference in the elastic moduli of sample S3 and S4 could be entirely ascribed to the removal of porogen residuals from the pores of sample S4. Similar effects of ash and broad-band UV cures on the mechanical properties of SiOC:H porous films were reported previously in nanoindentation measurements. 22 From the above analysis, it can be concluded that only samples S4 and S5 can be considered as having organosilicate skeletons with the same pore morphology and mechanical stiffness: S4 with non-filled pores and S5 with HP-filled pores. Also, as the result of UV curing, the stiffness of their skeletons matches with that of sample S7. Therefore, a consistent property-structure analysis had to be restricted to S4, S5, and S7 films only and it was done based on the HashinShtrikman model 23 for the effective elastic modulus of a multiphase composite material. In the limits of the HashinShtrikman model, the structure of the porous films was considered as consisting of a solid skeleton (organosilica phase) with either empty (void phase) or filled (HP phase) spherical inclusions. For these two cases, the measurements were simultaneously fitted 12 by the upper bound of the model and the fit results are shown in Fig. 3 with blue lines: the continuous blue line fits the measurements on samples S5 and S7 and the dotted line fits the measurements on samples S4 and S7. The fits predicted 7.3 6 0.3 GPa and 3.6 6 0.2 GPa for the elastic moduli of the skeleton and filling polymer, respectively, which are in very good agreement with the corresponding measured elastic moduli: 7.3 6 0.2 GPa on sample S7 and 3.3 6 0.1 GPa on a separate blanket film of HP. Even though, as pointed out above, the pores of S3 are not entirely empty, its elastic modulus comes closed to the theoretical limit of the model, suggesting that the elastic modulus of the skeleton of this film is quite similar with those of S4 and S5. The results demonstrate good quantitative agreement of the measured and calculated moduli for the porous, filled, and matrix of SiOC:H materials and indicate that polymer filling of porous dielectrics is a viable strategy for improving the mechanical rigidity of these materials during processing. Shielding the porosity during processing has been shown to provide substantial protection of the porous materials from plasma-induced damages in terms of etch control and geometrical aspect ratio. 6 In terms of relative values, E porous =E skeleton versus porosity p, the observed porosity dependence of the elastic modulus of the unfilled porous films corresponds to a reduction of about 70% in the elastic modulus at 50% porosity. This dependence roughly approximates the power-law decaying for foam materials, [24] [25] [26] E porous =E skeleton % ð1 À pÞ n , with n approaching 1.7 for the fit of samples S7, S3, and S4 (red curve in Fig. 3 ). Such rather mild decay (n < 2) of the elastic modulus with porosity correlates with a microstructure that consists of moderately overlapping spherical pores; 24 more severe decays, about 80% in the case of overlapping spherical pores and 90% in the case of overlapping solid sphere, have been calculated and reported at 50% porosity. 21, 27, 28 It should be noted that in our case, the small operational indentation depths (several nanometers) prevent any structural changes during measurements; however, this is not the case of instrumented nanoindentation, which normally operates in the range of tens of nanometers and, in which case, substrate effects and changes in the porous microstructure during indentation complicate the interpretation of measurements. 29, 30 Typically, an overestimation of 2 GPa to 3 GPa for the elastic moduli of low-k ultrathin film has been observed when nanoindentation measurements without substrate correction were compared with other nanoscale elastic modulus measurement techniques like Brillouin light scattering 17 and CR-AFM. 12 In summary, in this work, we have demonstrated reliable and highly sensitive elastic modulus measurement of low-k dielectric thin films. The adapted load-dependence CR-AFM technique with pre-flattened tips provided a direct and easy procedure to quantitatively determine the elastic modulus of thin films with nanoscale spatial resolution. The measurements were used to assess the effect of technological processes (ash and UV cures and pore filling) on the elastic modulus of these films and deconvolute the contributions of the constituents to the elastic modulus of each film. Furthermore, the elastic moduli of filled and unfilled porous films were compared to probe the efficacy of pore filling and analyze the structure-property relationship of these materials.
